Oxygen is in many ways a unique element: It is the only known diatomic molecular magnet, and it exhibits an unusual O 8 cluster in its high-pressure solid phase. Pressure-induced molecular dissociation as one of the fundamental problems in physical sciences has been reported from theoretical or experimental studies of diatomic solids H 2 , N 2 , F 2 , Cl 2 , Br 2 , and I 2 but remains elusive for molecular oxygen. We report here the prediction of the dissociation of molecular oxygen into a polymeric spiral chain O 4 structure (space group I4 1 ∕acd, θ-O 4 ) above 1.92-TPa pressure using the particleswarm search method. The θ-O 4 phase has a similar structure as the high-pressure phase III of sulfur. The molecular bonding in the insulating ε-O 8 phase or the isostructural superconducting ζ-O 8 phase remains remarkably stable over a large pressure range of 0.008-1.92 TPa. The pressure-induced softening of a transverse acoustic phonon mode at the zone boundary V point of O 8 phase might be the ultimate driving force for the formation of θ-O 4 . Stabilization of θ-O 4 turns oxygen from a superconductor into an insulator by opening a wide band gap (approximately 5.9 eV) that originates from the sp 3 -like hybridized orbitals of oxygen and the localization of valence electrons.
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solid oxygen | spiral chain structure A s a long-standing problem in physics and chemistry, as well as earth and planetary sciences, high-pressure dissociation of diatomic molecules, such as H 2 , N 2 , O 2 , F 2 , Cl 2 , Br 2 , and I 2 , has attracted a lot of attention. Among these molecular systems, solid oxygen is a system of particular interest and exhibits many unusual physical properties by virtue of its molecular spin and the resultant spin-spin interactions, which make the system a critical test case for condensed-matter theory (1, 2) . Oxygen is also the third most abundant element in the Solar System, and its behavior under extreme pressures provides important insight into the oxygen-related systems for a better understanding of the physics and chemistry of planetary interiors.
Oxygen exhibits a rich polymorphism with seven unambiguously established crystalline phases. Upon cooling at ambient pressure, oxygen is in turn solidified to the paramagnetic γ-phase, the magnetically disordered (short-range ordered) β-phase (3, 4) , and ultimately the antiferromagnetic α-phase (5). Upon compressing to approximately 6 GPa, the α-phase transforms into the antiferromagnetic δ-phase (6) (7) (8) . Under a higher pressure of approximately 8 GPa, the magnetic order of oxygen is destroyed, which leads to the ε-O 8 phase consisting of O 8 clusters (9, 10). The ε-O 8 phase displays the bonding characteristics of a closedshell system, in which the intermolecular interactions primarily involve the half-filled 1π g Ã orbital of O 2 (11). Above 96 GPa, ε-O 8 has been observed to transform into a metallic ζ-phase (12, 13) and intriguingly exhibits superconductivity with a transition temperature of 0.6 K (14). This superconducting ζ-phase has been predicted by theory (15) and subsequently confirmed by experiment (16) to be isostructural with ε-O 8 , except that the ζ-O 8 phase has a shorter O-O distance between O 8 clusters than between O 2 pairs within an O 8 cluster. These studies have explored the high-pressure phase diagrams of solid oxygen up to the maximum pressure of 500 GPa (15) . At such pressures, other diatomic molecules (17) (18) (19) (20) (21) readily exhibit molecular dissociations, whereas the O 2 molecules remain intact.
In this work, we have extensively explored the high-pressure crystal structures of solid oxygen up to 2 TPa by using the firstprinciples method of crystal structure prediction (22) , which was designed to perform global minimization of free energy surfaces. This analysis was conducted by merging ab initio total-energy calculations via the CALYPSO (crystal structure analysis by particle-swarm optimization) method (22) . Our CALYPSO method has been implemented in the CALYPSO code and successfully benchmarked on a number of known systems (22) . Several predictions of high-pressure structures of dense Li, Mg, Bi 2 Te 3 , and water ice (23) (24) (25) (26) were successfully made, and predictions of the high-pressure insulating Aba2-40 (Pearson symbol oC40) structure of Li and the two low-pressure monoclinic structures of Bi 2 Te 3 were confirmed by independent experiments (25, 27) .
Results and Discussion
Our structure searches using the CALYPSO code with system sizes that were up to 24 atoms per simulation cell were performed at pressures of 0.02-2 TPa. The structural simulations at 0.02 TPa were able to successfully predict the experimentally observed ε-O 8 structure, whereas at 0.1-1.5 TPa, ζ-O 8 was predicted to be stable, which is in agreement with an earlier prediction (15) and experimental observation (16) . At 2 TPa, we surprisingly discovered an energetically most stable tetragonal I4 1 ∕acd structure (named θ-O 4 , 16 atoms per cell, Fig. 1A ), which is slightly denser (approximately 1.3%) than ζ-O 8 . Remarkably, the molecular feature is no longer preserved in the θ-O 4 structure; instead, squared chains with four atoms per turn are formed. In this configuration, each oxygen atom has two identical nearest neighbors with a nearest O-O distance of 1.153 Å at 2 TPa, which is considerably larger than the intramolecular distances (e.g., 1.036 Å at 1. Fig. 2A) at a higher level of accuracy for θ-O 4 confirms its energetic stability relative to ζ-O 8 . Phonon calculations (SI Text) establish the dynamical stability of the θ-O 4 structure because we do not find any imaginary phonon within the Brillouin zone.
Oxygen is the lightest element in group VI of the periodic table, with sulfur being the next heavier family member. Previous theoretical studies assumed that the molecular ring structure of S 8 (S-I) in sulfur might be one of the candidates for the high-pressure phases of solid oxygen (28) . However, calculations suggested that oxygen in the S 8 structure was energetically very unfavorable when compared with other known oxygen phases. Interestingly, we found that θ-O 4 shares the same structure type as the highpressure S 4 phase (S-III) of sulfur (29) . The reasons why atomic oxygen is unable to adopt the lower pressure phases (S-I and the trigonal chain S-II) of sulfur might stem from the fact that oxygen has a very small 1s core (the 1s orbital radius of oxygen is 0.068 Å) which is capable of forming very short bonds. This small 1s core in oxygen is apparently in contrast to the much larger 2p core in sulfur (the 2p orbital radius of sulfur is 0.169 Å).
To understand the driving force for the formation of polymeric θ-O 4 structure, we calculated the phonon dispersion curves of ζ-O 8 at elevated pressures. A transverse acoustic (TA) phonon mode at the zone boundary V point was found to soften linearly with increasing pressure (Fig. 3) . It is well established that imaginary phonons (i.e., phonon frequencies having negative values) lead to the lattice instability and thus induce phase transitions (30, 31) . Notably, even though at the phase transition pressure of 1.92 TPa the TAðV Þ phonon frequency in ζ-O 8 does not soften to zero or become imaginary, it can still initiate the phase transition. This transition mechanism is similar to those observed in SiO 2 (32) and MgH 2 (33), where the rutile → CaCl 2 phase transition is driven by the softened nonzero optical mode at the zone center (33) . We have plotted the eigenvectors of this TAðV Þ phonon mode (Fig. 3, Inset) , where the arrows represent the directions of atomic vibrations. It is clearly seen that this softening phonon mode is involved in the planar rotation of oxygen molecules around the a axis. The role of this rotation is to effectively shorten the intermolecular O-O distance and lengthen the intramolecular bond, which ultimately leads to the stabilization of the squared chains in the θ-O 4 .
The metallization of ζ-O 8 is attributed to the creation of nearly free electrons by the pressure-induced band overlap (15) . As a result, a very low electronic density of states is achieved at the Fermi level in close correlation with the observed low superconducting transition temperature (0.6 K) (14) . As the atomic θ-O 4 phase forms, solid oxygen remarkably turns to an insulator as suggested by the simulated band structure and partial electronic density of states at 2 TPa (Fig. 2B) . The calculated band gap is approximately 3.2 eV, although it should be much larger because the density functional calculation is known to significantly underestimate the band gap. A Heyd-Scuseria-Ernzerhof (HSE) hybrid function was adopted to correct the underestimation problem and to derive a better band gap estimation of approximately 5.9 eV. To probe the physical mechanism of this insulation, we have performed a chemical bonding analysis of θ-O 4 through calculations of the electron localization function (ELF) as shown in Fig. 1 C and D . In these figures, the calculated ELF isosurface clearly indicates two lone pairs and two O-O covalent bondings for each oxygen atom. This result allows us to identify the peculiar sp 3 -like bonding orbitals of oxygen in θ-O 4 . Consequently, a full localization of valence electrons is found, and this system creates a wide gap insulator. The intriguing bonding behavior of oxygen in θ-O 4 is not completely unexpected because it somewhat resembles the chemistry of oxygen in water ice, which forms two O-H single bonds. What makes it unique, however, is that the sp 3 orbitals of oxygen in θ-O 4 are distributed along infinite chains, unlike the perfect localization in isolated water molecules. Notably, the O-O-O bond angle is 98.79°in θ-O 4 , which is evidently smaller than the ideal tetrahedral angle of 109°. This angle devia- relative to that of ζ-O 8 that was obtained by a full-potential all-electron calculation using WIEN2K code. The all-electron method finds basically the same result on the transition pressure with a <2% difference, which confirms the validity of the PAW potential adopted here at such high pressures. B shows the band structure (Left) and partial electronic density of states (DOS, Right) for θ-O 4 at 2 TPa. tion is a result of Coulomb repulsive interaction between the lone pairs. The insulating feature in θ-O 4 stands in contrast to the metallicity of the high-pressure atomic phases predicted for hydrogen (17) and established for halogens (18, 19) . This contrast originates from the fact that hydrogen and halogen elements, having one and seven electrons in their outer shells, respectively, are unable to form the perfect saturation bonding in atomic structures favorable to the metallicity. This insulation in θ-O 4 seemingly resembles polymeric nitrogen (21, 34) in which five valence electrons of each N atom form three covalent bonds and one lone pair, which results in the complete localization of the valence electrons. However, creation of the insulating θ-O 4 from the compression of a metallic (and superconducting) solid clearly goes against the conventional wisdom that high pressure metallizes materials. The predicted formation of θ-O 4 in dense oxygen provided another case on the metal-insulator transition as previously exemplified in dense lithium (24, 35) and sodium (36) and represents a significant step forward in understanding the behavior of solid oxygen and other oxygen-related materials at extreme conditions, such as in the interiors of giant planets.
Methods
The underlying ab initio structural relaxations and electronic calculations were performed in the framework of density functional theory within the Perdew-Burke-Ernzerhof (PBE) theory, as implemented in the Vienna Ab Initio Simulation Package code (37) . We also applied the HSE hybrid functions (38, 39) to correct the band gap error of the PBE functional. The all-electron projector augmented wave (PAW) (40, 41) method was adopted, with the PAW potential treating 1s 2 as the core. The cutoff energy (910 eV) for the expansion of the wave function into plane waves and Monkhorst-Pack k (42) meshes were chosen to ensure that all of the enthalpy calculations are well converged to better than 1 meV per atom. The phonon calculations were carried out by using a supercell approach (43) as implemented in the phonopy code (44) . The validity of the used PAW potential for the currently studied high-pressure (≤2 TPa) scenarios was carefully verified by comparing it with the full-potential all-electron calculation using the WIEN2K code (45) . In the full-potential calculations, the muffin-tin radii were chosen to be 0.97 a.u. for O. The plane-wave cutoff was defined as K max R MT ¼ 7, where R MT represents the muffin-tin radius and K max denotes the maximum size of the reciprocal-lattice vectors. Convergence tests resulted in the choices of 1,000 k points for both the ζ-O 8 and the θ-O 4 phases in the electronic integration of the Brillouin zone. 
